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Abstract

What mechanisms underlie the transitions responsible for the diverse shapes observed in the living
world? While bacteria display a myriad of morphologies?, the mechanisms responsible for the
evolution of bacterial cell shape are not understood. We investigated morphological diversity in a
group of bacteria that synthesize an appendage-like extension of the cell envelope called the
stalk?3. The location and number of stalks varies among species, as exemplified by three distinct
sub-cellular positions of stalks within a rod-shaped cell body: polar in the Caulobacter genus, and
sub-polar or bi-lateral in the Asticcacaulis genus?. Here we show that a developmental regulator of
Caulobacter crescentus, SpmX>2, was co-opted in the Asticcacaulis genus to specify stalk
synthesis at either the sub-polar or bi-lateral positions. We show that stepwise evolution of a
specific region of SpmX led to the gain of a new function and localization of this protein, which
drove the sequential transition in stalk positioning. Our results indicate that evolution of protein
function, co-option, and modularity are key elements in the evolution of bacterial morphology.
Therefore, similar evolutionary principles of morphological transitions apply to both single-celled
prokaryotes and multicellular eukaryotes.

Stalks are a common feature in aquatic bacterial species living in oligotrophic
environments36. When these species are subjected to nutrient limitation, stalks elongate to
increase the effective length and surface area of the cells’, thereby increasing the rate of
nutrient uptake?:8. The thin cylindrical stalk is composed of inner and outer membranes
separated by peptidoglycan®, and compartmentalized by proteinaceous structures called
“cross-bands”%19 (Fig. 1a). In the Caulobacteraceae family, stalk synthesis occurs at a
specific stage of a dimorphic life cycle in which a non-replicating motile swarmer cell
differentiates into a sessile stalked celll1 (Fig. 1b). In C. crescentus, the stalk is positioned at
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a single cell pole; in Asticcacaulis excentricus, the stalk is synthesized at a sub-polar
position off-center of a cell pole; and in Asticcacaulis biprosthecum, two stalks are
positioned bi-laterally on the cell body* (Fig. 1a).

The natural variation in stalk location provides an opportunity to study the mechanisms
underlying the precise targeting of cell envelope growth zones to generate different
morphologies. Stalks in C. crescentus are synthesized from their basel? by insertion of
peptidoglycan within a small area of the cell body314, To test whether this mechanism is
conserved in the Asticcacaulis genus, we used pulse-chase labeling with Texas Red
Succinimidyl Ester (TRSE)1:16 to study cell envelope growth and a fluorescent D-amino
acid (FDAA) to label regions of peptidoglycan synthesis!3. The stalks of A. excentricus and
A. biprosthecum are also synthesized by insertion of peptidoglycan at their base (Extended
Data Fig. 1a and b), suggesting that all three species share the same stalk synthesis
mechanism.

In light of the above results, we hypothesized that if a conserved stalk morphogen exists, it
must localize to the base of stalks. Since many proteins localize at the pole in C.
crescentust’, we took advantage of the non-polar localization of the stalks in the
Asticcacaulis genus to identify stalk morphogen candidates. We constructed fluorescent
protein fusions to orthologs of the pole-localized proteins from C. crescentus DivJ, PleC,
PopZ, and SpmX and analyzed their localization in A. biprosthecum. Strikingly, only the
regulatory histidine kinase DivJ18 (Extended Data Fig. 2a) and its localization and activation
factor SpmX® (Fig. 1c) localized at the base of the stalks in A. biprosthecum. During the cell
cycle, A. biprosthecum DivJ-EGFP localized at the base of stalks only after cytokinesis,
during swarmer to stalked cell differentiation (Extended Data Fig. 2b). In stark contrast,
SpmX-EGFP localized to bilateral positions in the incipient swarmer half of the
predivisional cell prior to cytokinesis and subsequent stalk synthesis (Extended Data figure
1c and e). Therefore SpmX localization precedes both DivJ localization and stalk synthesis,
potentially marking the future site of stalk synthesis.

Interestingly, while the A. biprosthecum divJ™ mutant still synthesized bi-lateral stalks
(Extended Data Fig. 2a), the A. biprosthecum spmX™ mutant was stalkless (Fig. 2a).
Moreover, while newly synthesized peptidoglycan material co-localized with SpmX-GFP in
wild-type cells, no bi-lateral foci of FDAA staining were observed in the absence of SpmX
(Extended Data Fig. 1h and j), demonstrating that SpmX is required for stalk peptidoglycan
synthesis in A. biprosthecum. Finally, stalk elongation only occurred when SpmX was
expressed (Extended Data Fig. 1f), suggesting that SpmX is required both for the initiation
and the elongation of stalk synthesis in A. biprosthecum. Similar results were obtained for A.
excentricus (Fig. 1c, middle; Extended Data Fig. 1d, e, g, i, and k), suggesting that the role
of SpmX is conserved in both Asticcacaulis species. Notably, SpmX is not required for stalk
synthesis in C. crescentus®. Since the Caulobacter genus diverged earlier than the
Asticcacaulis genus (Fig. 1d), we conclude that SpmX has been co-opted for stalk synthesis
in the Asticcacaulis genus. However, despite its newly acquired role in stalk synthesis, the
ancestral function of SpmX in DivJ localization has been retained in A. biprosthecum
(Extended Data Fig. 2c).
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To test the hypothesis that SpmX could play a pivotal role in the evolutionary transitions in
stalk positioning, we carried out cross-complementation experiments by expressing
heterologous SpmXs and SpmX fusions in wild-type or spmX mutant strains of the two
Asticcacaulis species and quantitatively analyzed SpmX localization. (Fig. 2 and Extended
Data Fig. 3-6). When we cross-complemented SpmX-EGFP in either the homologous or
heterologous wild-type backgrounds, SpmX both localized and drove stalk synthesis at its
host-specific location, suggesting that the endogenous SpmX may be able to recruit the
heterologous SpmX (Extended Data Fig. 4b, c, h, and i). To test this possibility, we
expressed heterologous SpmX in absence of the native spmX gene. Strikingly, when SpmX
from the sub-polar stalked species A. excentricus (SpmXag(s)-EGFP) was expressed in the
bi-lateral stalked species A. biprosthecum spmX™ mutant, it localized to and drove stalk
synthesis at a sub-polar position (Fig. 2c; Extended Data Fig. 7). Therefore, A. excentricus
SpmX can recruit the heterologous stalk synthesis machinery of A. biprosthecum to
synthesize a stalk at an ectopic sub-polar position. In contrast, when SpmX from the bi-
lateral stalked species A. biprosthecum (SpmXap(L)-EGFP) was expressed in the sub-polar
stalked species A. excentricus spmX™ mutant, it localized mostly to poles where it induced
stalk synthesis (Fig. 2d; Extended Data Fig. 7). These results indicate that while the sub-
polar positional information exists in A. biprosthecumand can be recognized by SpmXag(s),
the specific bi-lateral positional information present in A. biprosthecum is absent or not
recognizable in A. excentricus.

Remarkably, these observations also suggest that A. excentricus possesses the ability to
synthesize polar stalks in the absence of its endogenous SpmX. Indeed, phosphate
starvation, which stimulates stalk synthesis in wild-type strains of all three species
(Extended Data Fig. 2f and g), rescued stalk synthesis in A. excentricus spmX~ cells, but
stalks were located at the pole (Extended Data Fig. 2e, g, and h). Using holdfast
polysaccharide adhesin as a polar marker (Fig. 1c), we found that stalks from phosphate
starved A. excentricus spmX~ cells were tipped by a holdfast (Extended Data Fig. 2e),
confirming that they were synthesized polarly.We infer that A. excentricus possesses an
alternative polar stalk synthesis mechanism that is normally masked by the endogenous
SpmX-driven sub-polar stalk synthesis mechanism (as detailed in Supplementary
Information). In contrast, the A. biprosthecum spmX™ mutant remained stalkless when
starved for phosphate (Extended Data Fig. 2f), indicating that the somX™ independent
pathway for stalk biosynthesis has been lost in A. biprosthecum, or is no longer regulated by
phosphate starvation. We conclude that both Asticcacaulis species possess the ability to
synthesize stalks at exogenous positions, which is masked by the effects of the endogenous
SpmX in wild-type cells. We hypothesized that the exogenous positions of stalk synthesis
are phylogenetically ancestral, and we next sought to infer the evolutionary trajectory of
stalk positioning.

In order to improve the phylogenetic resolution of stalk positioning, we sequenced the
genomes of several additional Asticcacaulis strains (Extended Data Fig. 5f and g) and
inferred their phylogeny (see materials and methods; Fig. 1d). Based on parsimony, the
emergence of the polar stalk morphology occurred before the divergence between the
Caulobacteraceae and the Hyphomonadaceae family (Maricaulis maris and Oceanicaulis
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alexandrii) (Fig. 1d). No known Asticcacaulis isolates synthesize polar stalks, implying that
the transition in stalk positioning from polar to sub-polar occurred very early. In addition,
two sub-polar stalked strains, Asticcacaulis benevestitus and Asticcacaulis sp. AC466 (Fig.
1d, bracket), diverged from the same ancestor that led to the sub-clade containing A.
biprosthecum, indicating that sub-polar stalk synthesis is ancestral to bi-lateral stalk
synthesis. In conclusion, stalk positioning evolved from an ancestral single polar stalk to a
single sub-polar stalk, and subsequently to bi-lateral stalks.

We next sought to understand how SpmX has evolved at the protein level by testing the
requirement of its major domains for localization and stalk synthesis (Fig. 1e and Extended
Data Fig. 8). We constructed a set of truncated alleles removing various domains of A.
biprosthecum SpmX, which failed to localize or rescue the stalkless phenotype of the A.

bi prosthecum spmX™ mutant (Extended Data Fig. 7d and €). The muramidase domain and
the C-terminal region (intermediate region and transmembrane domains) of SpmX are
indispensable for its localization and function. To determine what region of SpmX evolved
to specify the location of stalk synthesis, we constructed chimeric SpmX proteins by mixing
and matching the muramidase and the C-terminal regions of different SpmX proteins. In
each case, the phenotype of the spmX™ mutants expressing the various chimeras correlated
with the source of their C-terminal region (Fig. 3, Extended Data Fig. 4, and Supplementary
Information). We conclude that mutations in the SpmX C-terminal region are responsible for
the evolution of SpmX’s ability to drive stalk synthesis from polar to sub-polar to bi-lateral
positions.

Morphological transitions generate the diversity of biological forms. A few cases have been
studied in eukaryotes, highlighting the importance of both changes in regulatory sequences
and functional protein evolution19-23, Our study has begun to unravel the elusive
mechanisms of morphological transitions in bacteria by showing that evolution of the SpmX
morphogen underlies the evolutionary trajectory of stalk positioning in the
Caulobacteraceae family. Polar stalk synthesis arose from non-stalked species before the
divergence of the Caulobacteraceae and Hyphomonadaceae families, but C. crescentus
SpmX is not required for stalk synthesis, likely representing the ancestral state. Through
differential protein evolution, changes in the SpmX C-terminal region led to stalk synthesis
and positioning functions in the Asticcacaulis clade. Interestingly, the ancient polar targeting
mechanism is conserved in Asticcacaulis since SpmXccpy can localize to the pole in both A.
excentricus and A. biprosthecum (Fig. 3b, Extended Data Fig. 4a, g and Fig. 9f). Inversely,
both SpmXag(s) and SpmXap(L) can still localize to the polar target in the C. crescentus
strains, suggesting the lack of recognizable alternative targets (Extended Data Fig. 9).
During the transition from polar to sub-polar stalk positioning, the C-terminal region of
SpmX evolved to position and coordinate the synthesis of stalks, coupled with its co-option
at the sub-polar target in A. excentricus (Fig. 4). Further divergence of the C-terminal region
of SpmX led to its ability to recognize new targets, combined with its co-option at the bi-
lateral targets in A. biprosthecum (Fig. 4).

Our results highlight the modular nature of the positioning mechanism that directs the zonal
peptidoglycan synthesis responsible for stalk synthesis. This modularity is evident in both
Asticcacaulis species, since SpmX always localizes at the base of ectopically synthesized
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stalks in several genetically engineered strains (Fig. 2 and 3 and Extended Data Fig. 2d). In
addition, the fact that changes in the abundance of SpmX alone can alter the number of
stalks in A. excentricus (Extended Data Fig. 2d) suggests that simple changes in the
regulation of SpmX expression could drive the evolution of a species with multiple sub-
polar stalks. Conceptually, to position the stalk around the cell body, the cells only need to
evolve to the ability to localize SpmX to a new sub-cellular position, where it recruits the
stalk synthesis module. This morphogenetic modularity could be exploited in synthetic
biology to generate the optimal cell shape for a given process.

Finally, this study has demonstrated that functional evolution of a regulatory protein into a
morphogenetic module made the evolution of stalk positioning possible, which in turn
generated distinct cellular morphologies. Therefore, protein evolution, co-option, and
modularity can drive morphological transitions in both single-celled prokaryotes and
multicellular eukaryotes, contributing to the diversity of Darwin’s “endless forms most
beautiful”24 from the microscopic to the macroscopic world.

Methods Summary

Caulobacter crescentus, Asticcacaulis excentricus, and Asticcacaulis biprosthecum strains
were used in this study. Strains were grown in liquid PYE medium at 30°C for C. crescentus
and 26°C for the Asticcacaulis strains. A detailed list of strains and plasmids and their
methods of construction is provided in the Supplementary Information and the Methods
section. For the quantitative analysis of fluorescent protein fusion localization, cells were
incubated for 18 hours in the presence of inducer, mounted on a 1% (w/v) agarose pad and
imaged. Quantitative sub-cellular localization of fluorescent protein fusions was performed
at sub-pixel resolution using a specifically developed plug-in for ImageJ2®. For
bioinformatics analysis, orthologs of SpmX were identified using the BLAST suite hosted
by NCBI and Integrated Microbial Genomes (IMG). Phylogenetic trees were generated
using the maximum likelihood method, and a concatenation of the products of six
housekeeping genes was used to infer the phylogeny of species involved. All methods are
detailed in the Methods section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
SpmX specifies the location of stalk synthesis in Asticcacaulis. (a) SpmX is required for

stalk synthesis in Asticcacaulis. Transmission electron microscopy images of Asticcacaulis
species and their respective spmX™ mutants. Data are representative of five biological
repetitions. (b) Heat maps of the localization patterns of SpomX-EGFP in three species with
differentially positioned stalks. The number (N) of foci quantified is shown at the bottom of
each map. For simplicity throughout the paper, we use SpmXcc(p), SPMXag(s) and
SpmXag(L) to denote SpmX from C. crescentus (CC), A. excentricus (AE), and A.

bi prosthecum (AB), with the subscripts P, S, and L indicating their native polar, sub-polar,
and lateral positioning, respectively. (c-d) Microscopy images and heat maps of the A.
biprosthecum and A. excentricus spmX™ mutant expressing SpmXag)-EGFP or
SpmXag(s)-EGFP. The percentage represents the stalk synthesis ability for each strain
compared to the control spmX™ mutant expressing native SpmX-EGFP.
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Figure 3.

Evolution of the C-terminal region of SpmX drives the morphological transition in stalk
positioning. (a) Schematic of inferred evolutionary trajectory of stalk positioning. (b-g)
Microscopy images, heat maps, and angle profile analysis for the A. excentricus spmX™
mutant expressing SpmXcc(p) (b), the chimera SpmXcc(p)-ag(s) (€), SPMXag(L)-AE(S) (8),
and SpmXag(s)-ag(L) (f). (h-j) Microscopy images, heat maps, and angle profile analysis for
the A. biprosthecum spmX™ mutant expressing the chimera SpmXag(vL)-ag(s) (h) and
SpmXag(s)-aB(L) (i). Percentages indicate stalk synthesis ability compared to the respective
controls as in Fig. 2. Error bars in the angle profiles denote standard deviation of the sample
evaluated by the Jackknifing method (see Methods). All profiles of absolute angles (|4)
were generated by measuring the data points in associated heatmaps (same N) and were
analyzed by non-parametric statistical methods, as detailed in Supplementary Table 1 and
Methods. *** p<0.001. Scale bars, 1pm.
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Figure 4.
The co-option of SpmX in stalk synthesis leads to sequential morphological transitions.

From polar to sub-polar stalk positioning, two events occurred: SpmX underwent an
expansion of its C-terminal region and was co-opted for stalk synthesis, and the sub-polar
target emerged in A. excentricus. Similarly, during the second transition of sub-polar to bi-
lateral positioning, SpmX evolved the ability to recognize the bi-lateral target and the bi-
lateral targets emerged in A. biprosthecum. The exact order of events for each transition is
unknown. Targets (triangles) and SpmXs (circles) are shown with respective color-coding
for the species.
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Extended Data Figure 1.
SpmX localization precedes and is required for stalk synthesis in Asticcacaulis. (a) Stalk

synthesis occurs at the junction between the cell body and stalk in A. biprosthecumand A.
excentricus. Cell surface proteins were pulse-labeled with TRSE, excess TRSE was removed
and cells were allowed to grow for 7-8 doublings. The cell body and cell body proximal
stalk label was diluted by cell elongation, whereas the cell body distal part of the stalk
remained stained, indicating that new material is incorporated at the base of the stalk in both
A. biprosthecum (left) and A. excentricus (right). (b) Fluorescent D-amino acids track stalk
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peptidoglycan synthesis to its base. Cells were stained with the fluorescent D-amino acid
(FDAA) 7-hydroxycoumarin-amino-D-alanine (HADA) (blue), which labels regions of
peptidoglycan synthesis, in A. biprosthecum (left) and A. excentricus (right). (c-d) SpmX
localization precedes stalk synthesis in Asticcacaulis. Time lapse microscopy tracks the
dynamics of native SpmX-EGFP localization in A. biprosthecum (c) and in A. excentricus
(d), images taken every 50 (c) and 30 (d) minutes, respectively. Arrows indicate the early
localization of SpmX-EGFP in the swarmer compartment of pre-divisional cells. Schematics
of dynamic localization patterns are shown on top. (€) Structured illumination micrographs
of the localization of SpmX-EGFP at different stages of the life cycle in A. biprosthecum
(top) and in A. excentricus (bottom). Cells were stained with the red outer membrane protein
stain TRSE and SpmX-EGFP was expressed from its native chromosomal locus. SpmX-
EGFP localizes at the future position of stalk synthesis in the daughter swarmer cell
compartment of the pre-divisional cell. (f-g) SpmX is required for stalk elongation in A.
biprosthecum (f) and A. excentricus (g). Cells expressing a xylose-inducible spmX allele
were depleted of SpmX and the cell body and stalks were stained with the red outer
membrane protein stain TRSE. Cells were then grown in the presence or absence of the
xylose inducer. Schematics of the pulse-chase results are shown below each group. (h-i)
SpmX is required for the initiation of stalk peptidoglycan synthesis. Cells were stained for 5
min with HADA. The blue HADA staining correlates with SpmX-EGFP at the base of the
stalks in A. biprosthecum (h) and A. excentricus (i). Dashed arrows indicate where
peptidoglycan synthesis co-localizes with the SpmX-EGFP foci at the base of the stalks.
Arrows indicate the localization of SpmX-EGFP in the swarmer cell or the swarmer cell
compartment. (j-k) HADA staining of the spmX™ mutant in A. biprosthecum (j) and A.
excentricus (k). HADA staining no longer produces the foci seen at the base of stalks in
wild-type strains. All data are representative of at least two biological repetitions analyzing
at least 100 cells each. Scale bars, 1 um.
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Extended Data Figure 2.
DivJ localizes to the base of the stalk and the effects of SpmX overexpression and phosphate

starvation on stalk synthesis. (a) DivJ localizes to the base of the stalk (left) and the divJ~
mutant still synthesizes stalks (right) in A. biprosthecum. (b) Localization dynamics of DivJ-
EGFP tracked by time-lapse microscopy, images taken every 80 minutes. Note that DivJ-
EGFP only localizes in the daughter cell after cytokinesis (arrow). (c) SpmX is required to
localize DivJ (top) but DivJ is not required to localize SpmX (bottom) in A. biprosthecum.
(d) Micrographs of wild-type A. excentricus cells overexpressing SpmX-EGFP. (e)
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Structured illumination micrographs of wild-type (left) and spomX™ (right) A. excentricus
cells growing under low phosphate conditions. Cells (red) are stained with TRSE and the
polar holdfast (green) is stained with a fluorescent WGA lectin. Phosphate starvation
induces polar stalk synthesis in the A. excentricus somX™ mutant, pushing the holdfast to its
tip as shown on the right schematic. (f-g) Micrographs of wild-type (left, with SpmX-EGFP)
and spmX~ (right) A. biprosthecum (f) or A. excentricus (g) grown under phosphate
starvation. (h) Transmission electron micrographs of A. excentricus grown under phosphate
starvation. The diffuse structure around the cell body and the stalk is a sheath whose
synthesis is induced in response to environmental stress3?. All data are representative of at
least two biological repetitions analyzing at least 100 cells each. Scale bars, 1 um.
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Extended Data Figure 3.
Expression and integrity of various SpmX-EGFP fusions. (a-b) Expression level of SpmX-

EGFP in strains used in this study. All fusion proteins were expressed from a xylose-
inducible promoter on a replicating plasmid in the presence of 0.05% (w/v) xylose. SpmX-
EGFP expression level was measured by quantifying the fluorescence intensity of the fusion
proteins. Corrected fluorescence is calculated as (integrated fluorescence-integrated
background)/area. Measurements for each strain were done in duplicate and at least 500
cells were quantified in each case. Error bars denote standard error of the mean. (c) Western
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blot of SpmX-EGFP fusion proteins expressed from either the chromosomal locus or a
replicating plasmid in different species probed with anti-GFP antibody. Wild-type strains
were used as controls. Note that only SpmXag-EGFP appears to have a clipping/degradation
pattern. Data are representative of three biological repetitions. (d) Western blot of various
chimeric/heterologous SpmX-EGFP fusions when expressed in the A. excentricus spmX™
mutant, probed by anti-GFP antibody. Note that the relative levels of expression correlate
with the results from quantitative fluorescence analysis (a). The size of SpmX-EGFP fusions
ranges from 76 kDa to 120 kDa and free EGFP is expected to be around 31 kDa. Data are
representative of three biological repetitions. (e-f) SpmX-mCherry and SpmX-EGFP share
the same localization pattern in A. biprosthecum (left, Pearson r=0.79+0.1) and A.
excentricus (right, Pearson r=0.81+0.08) cells. Both strains are expressing SpmX-EGFP
fusions from the chromosomal locus and the SpmX-mCherry fusions from a replicating
plasmid. Scale bars, 1 pm. Data are representative of two biological repetitions. (g) The
elevated cytoplasmic fluorescence in A. biprosthecum may correlate with the clipping/
degradation pattern of SpmXg-EGFP. Data are representative of two biological repetitions
analyzing at least 100 cells each. Error bars, standard deviation.
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Extended Data Figure 4.
Localization of SpmX-EGFP fusions in various strain backgrounds. Full length or chimeric

SpmX-EGFPs were expressed in wild-type A. biprosthecumand A. excentricus as indicated
on the left. Representative pictures are shown. All data are representative of three biological
repetitions analyzing at least 100 cells each. Scale bars, 1 um.
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Overview of the sub-cellular localization quantification method and characteristics of newly
sequenced genomes. (a) Output images provided by the customized ImageJ-based software
package. Fluorescent (left) and corresponding phase contrast (right) images are shown. The
cell boundary is represented in green or orange according to the side of the cell. The major
and the minor axes of the cell are represented in cyan. In each cell, fluorescent foci of
SpmX-GFP (white spot, left panel) were detected and outlined by a yellow circle centered to
their respective sub-pixel resolution positions. The dark blue line links the focus coordinates

Nature. Author manuscript; available in PMC 2014 August 27.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang et al.

Page 20

to its relative position on the major axes. (b) Schematic representation of the polar
coordinate system in which each point is defined by three coordinates: the distance from the
pole or from the major axis (rq, rp), the angle relative to the major axis (61, &) and the
distance from the mid-cell (dq, d). A null angular coordinate means that the focus is
localized at the tip of the cell pole, whereas 90° means that the focus is localized on cell
sides. dp represents the distance between the pole (P or P’) and the cell boundary (red dot).
F1 and F, represent sub-polar and lateral localized objects with their respective coordinates.
(c) Variation of the position of discrete points on the cell boundary relative to the pole (P or
P”) as determined by the polar coordinates (n=100). Each point represents the normalized
position on the major (ry/dy % cos(&,)) and the minor (ry/dy, % sin(¢h)) axis of discrete
positions along the cell boundary in the pole region. The shaded region indicates the
interquartile range (IQR) as a measure of the dispersion between the upper and lower
quartiles of values observed for discrete values of 4,. (d) Schematic showing how
localization of SpmX-EGFP is quantified by measuring the angle (6) and the radial distance
(r) of each focus using the geometric center of the pole as the origin of a polar coordinate
system within a normalized cell body (see a-c). Red, purple, and yellow colored circles
represent SpmX in C. crescentus (CC), A. excentricus (AE), and A. biprosthecum (AB),
respectively. P, S, and L in parentheses are shorthand to denote the native polar, sub-polar,
and lateral stalk positioning of their respective SpmX proteins. (e) Density plot of the
absolute values of measured angles (|() of heatmaps in Figure 2b (same N). Measurements
are binned for every 10 degrees. Error bars in the angle profiles denote standard deviation of
the sample evaluated by the Jackknifing method (see Methods). (f) The general
characteristics of five Asticcacaulis genomes. PD denotes the permanent draft status of the
genome. (g) DIC micrographs of the sequenced strains in (f) except for A. benevestitus,
which was previously published3. Scale bars, 1 pm. (h) Phylogenetic tree inferred from
SpmX sequences of different species. The alignment from Extended Data Figure 8 was used
to infer this tree based on the maximum likelihood method. Note that since E. coli and P.
aeruginosa do not have spmX orthologs, species from the Hyphomonadaceae family serve
as the outgroup (Maricaulis maris and Oceanicaulis alexandrii). We estimated the statistical
support for each node by performing 500 bootstrap repetitions. The overall SpmX protein
tree topology matches that of the species tree (Fig. 1d). The only exception is that
Brevundimonas subvibriodes is placed differently, due to the difficulty of resolving its
phylogeny*?. Scale, number of substitutions per position.
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Extended Data Figure 6.
SpmX fusion proteins are functionally equivalent to the native SpmXs. (a) Microscopic

images and heatmaps of A. excentricus (left) or A. biprosthecum (right) expressing SpmX-
mCherry fusions from the chromosomal locus. Note that the localization as well as the
function in stalk synthesis is identical to that of the respective spmxX::spmX-egfp and wild-
type strains (Fig. 1 and 2). (b-c) Microscopic images of the A. excentricus spmX~ (left) and
A. biprosthecum spmX™ (right) strains expressing non-tagged SpmXs. Note that SpmXag(L)
induces mostly polar stalks in the A. excentricus spmX™ mutant (b) and SpmXag(s) induces
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mostly sub-polar stalks in the A. biprosthecum spmX™ mutant (c). Both SpmXs were able to
complement the stalkless phenotype. (d-e) Microscopic images and heatmaps of expression
of SpmX-mCherry fusions in the A. excentricus spmX™ (left) and A. biprosthecum spmx™
(right) mutants. The phenotypes are identical to that of the non-tagged SpmXs (as well as
SpmX-EGFPs in Fig. 3). (f) Expression of SpmXag(s)-mCherry (left) and SpmXags)
(right) in wild-type A. excentricus both induce multiple stalk synthesis, as is the case for
SpmX-EGFP (Extended Data Fig. 2). All data are representative of three biological
repetitions analyzing at least 100 cells each. Scale bars, 1 um.
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SpmX is required for stalk positioning in Asticcacaulisand the integrity of SpmX is critical
for its function in A. biprosthecum. (a) Holdfast (red) localizes to the pole in both A.
biprosthecum (left) and A. excentricus (right) spmX™ mutants. (b) Dual-labeling images of
SpmX-EGFP (green) and holdfast (red) in the A. biprosthecum spmX™ mutant
complemented by SpmXags) (left) and the A. excentricus spmX™ mutant complemented by
SpmXag(v) (right). (c) SpmXag(s) localizes and initiates stalk synthesis at the sub-polar
position in the A. biprosthecum spmX™ mutant (left). SpmXagL) localizes to polar or sub-
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polar locations before triggering either polar and sub-polar stalk synthesis in the A.
excentricus spmX~ mutant (right). We noticed that SpmX-EGFP sometimes localizes in the
stalk, likely due to stalk outgrowth from its base since it should not be able to diffuse to
positions in already synthesized stalks, where diffusion is constrained by cross-bands® (Fig.
1a). (d) From top to bottom, 1. SpmX-mCherry (825aa+mCherry, 121 kDa) localizes to the
base of stalks. This fusion protein was expressed from its native chromosomal locus
(spmX::spmX-mcherry). 2-4. Different truncated alleles of SpmX fail to complement the
stalkless phenotype of the A. biprosthecum spmX™ mutant. Both C-ter™ SpmX-mCherry
(1-150aa+mCherry, 45 kDa) and TM~ SpmX-mCherry (1-750aa+mCherry, 111 kDa) were
expressed from the native spmX chromosomal locus replacing the natural allele. N-ter™
SpmX-mCherry (150-825aa+mCherry, 104 kDa) was expressed from a replicating plasmid
(YB7129) in the A. biprosthecum spmX™ mutant. (e) Western blot of truncated SpmX-
mCherry fusions detected with anti-mCherry polyclonal antibodies. Data are representative
of two biological repitions. Micrographs are representative of three biological repetitions
analyzing at least 100 cells each. Scale bars, 1 um.

Nature. Author manuscript; available in PMC 2014 August 27.



1duosnuey Joyiny

1duosnuely Joyiny

Jiang et al.

> ascoasaute_bipostnecun_C13/1925 CRiB 110
Aol AT 503 LAMD 110

o Acio1a81 LAMD 110
premsngeistiedor/® LAMD 110
ctcoscauis_s_ACASE1-963 Caup 110
> s et C5_181510 oAMD 110
Asiccacaull_p._VBE2041-6 aALD 110
BN i -uaimgt i cAuE 119
Prenylabacterun_sucineun/1-145 CAME 110
Brewndinonss_ subbroidew 614 oALu 115
dcaulls_mana/1-638 LA 110
Oueanicauls alexendri 698 ABVOAEMAAR AALD 110

i eyl e e

DEASGNAPTLLVRPVEDSG - - - -GAAV Q'sELnsPnRGGlLsAvP VGVQQAPERTVMPTVTPHVTGPSALPADMLSPYARPAPAT 231
“PVEIPVAPP. ... AVPDPALYHNPYA. - TPAA 201

..... Pia ..

Treoesss 1o sBag uoatuuc Ar R, W 2. ol LR RVED A o0 TiMeaRre L1l B Urerriaabsat sy Aenr LA AGr oA o
prm————" ShwelcLoantura. . I RuvarevaR. Ve L oveke AP KETH. valin 24
e aeanaa et T P T o RN b At ™
Frereseaser maearrrrs 12 R AR i N, O -t KB, owns - Eenecva |- o o111IIIIIIIIII -

PAAPVAVSOLLVAP IEIVEPETWVETVETPVDOASGAPRETSAEQMP - - - - - - EADPRTAAVSAL -
SLLPAGPGKARK-SEPVELVIKIEHPSEERVLEGAI - AGENASPPPAGADLPPP -

- -PTDSQOARTD-AEPAD IQTRLSQTSDEQDGETAR . - VIDLTTARSDAD

SLGEADAVLVPSFAVPRPVA 217
-PPPFDAGLARRREAE 205
ATDEEAE 210

l:.wv.-.-s-m.-mmu,L IPEEARTELVA

2
Creanicaulesexandn/ 1596 Beosaavion:

Asticcacaulis_biprosthecun_C19/1-825 226 - - - - << -..<..<i......FBQ-PVAGP----------.---VVQPVAQPLAQPLERVVEALPEGLLASSALRETPMVEEAPLAHSPYAGE - DPEPQMSPAVAAA | ARACEEQRL 304
228 osv s e s E N TRVA -SOPVAQPVERIVEALPEGLVAASAMRETPVVEDAPLA- - PFAGE - ETEPOMSPAVAAA | ARAQEEQRL 200
232 - - Fou-PASQP LVOPLAGPMERVVESLPEGLVASSAMRET PVREETTSPYASVAGSADLEPOMSPEVAAA | ARAQEEQRL 308
202 P SPTQRQIIDLGS-PYSASVETPAEKPPEKPT | VRMADVS APEAPVEPAMSAE |0AG | ARAGEEQRQ 271

217 PVAPAPHTPVPLAPAAGDRQ | IDLGA- PHAAP - - SAQAVPAEKPTVVRVADVSPY | PPOELVVEHLPQGA I SSQAMREY - - - - - - - - - - .- - PPAAPMEPQMSAEVOAA | SRAQEEGRA 310
195 DI AETPATPTPTSPS-MDVOAALLKA- EQEAR- - - - - - -ononnooo .- IDAEFRRLEQVRLEET € 284
205DIA---ATPAPSAASGLDAQAALLKA- EQEAR IQEEFRAL 203

218 EPVVADGDVVEAPP SAANDSLADDEGADSA

GVPEPADPAVOVPVEGEDAPTOVERAR 274
AVSEMRDDP I EASYHAVDDAADVDDAN 203
AVSVAE | EPDAERVEAADTAADAAPSD 260

200 DEIARILATVEALPPEVRRELGETEMAPVAD -
et W 211 NTDMATTDEESLVELD | AFELPEETREPMPVE

AR R s (S8Rl R S AR RN RAREEAR (A0
AQOE |QROAAALAAARAAEEAR I LEQQ- - - -

ERLERERAAI- - .. - . TAEANKLEQERLERERL 375
-RLEQARLEQARLEQTRL 367

LROSOALAASRAADEARLMELQ - R LEQARLEQAHLEHTRLEY- TRLEQAHLERARLEQARLEQENL 381
Rl ARRARGANGVGAGASAG RO RCASARRE A RARORY EEARRREE T LAE AL L oAQ i DQ-WRAAEARIEQARIEQEQF EAARQ 377
« i .. AREDAMAAARAAEDARLREEARLREEARVREEMHIQEMA- - - - - AnaBllasaficaflaL oo CRUDGWRAZQ | LEQLALEEERA 40

T T iR RRc AR R es LR R ARC IR AT R R Al REC AT Rie T LSELRRLEDA- - - - - RLEQORLERQRL 308
REEARRIETIRAQEEARIREENRLRDE- - LROEALLREEAR REEVROREEVRLREEARLRDEAVRQETLL AEFRRLEEARLEQQRLEQQRLERQRL 410
. --RTESD v\mukuuvv R ceeeeo-- 208
. - SLEGORVVVSR-DOEPLAVP - -« -« oo oooonnsoon oo 204

b AVEVASPE TOARTBAAGS - -
CARRELVOE AN AR UDAASPAGAE] KAV ShEANKRRY, ARUAE s asvessonaiia T

Oceanicaulis_alexandri/1-696 ofil- AAEDASEPESEPEISEPPVLVE- AEPETETAT Alaav. - Kovsasist YSFLSTAHVGLTAPSSE- ... 382
Asticcacaulis_biprosthecun_C19/1-825 370 ERERLAAA- - EAMRQEQARLELEHLDRER- FAAEAARREQDRVEYERAAAAAAEAA -RLEQERQARERAVAEAARLEQ- - - .- ETREREARDREAREREARDREARE- - - - - - - Ra74
Asticcacaulis_sp_AC450/1-803 368 EQENLVAA- - EAARLEQLRL AAETLRREQERLEF ~RLEQERLERDRLASEAARVEQ- - - - - ERSEREAREREAREREA- - - - JORRAD
Asticcacaulis_sp_AC402/1-861 382 ERERLAAA- - EAMRLEQ | RLEQERLDRER- - EF EQERL EQARL - -REARER 404

Asticcacaulis_beneveatitus/1-825 378 ELARQEAARQELERAEWAR - EQARLEQAR - LDOARLEQVRLEGARQQELKWEQERLERAR | EQEL - - AEQAR |EAAQLEATRLEQERVERERLERAHAEQVHLE. -QERIAR 483
Asticcacaulis_sp_AC458/1-853 400 EQSROEAARQEQLR | EAVRLEQER | ERER- FEQARLERERLEQAR|QEEKWEQARLERERQDHER - -QEFERQQLERQEFERQETERRDRERLDRERLELEN REHLAR 513
Asticcacaulis_excentricus_CB_48/3-810 309 EEE - - ARLREEAARLERERLE .-« .-« «counnnonnnn QLRLEQARLDQARLEQERLERERLERERLERER- - AERE- - - - - AQAKLEQERLDRERLEREQAEAA- AER 482

- OARLETARLEAARLEAARLEAARLEAARFETER. - AEQARLEAAKIESARIESARLEAERLEKERAEAVOAQAVOAKAEA 515

Asticcacaulis_sp._ YBE204/1-851 4110DE. - ARRLEETARLERARLESERLEREH

Phenylobacterium_zucineus/1-445 ——
undimonas_subvibrioides/1.614 w5
Maricaulis_mar/1-638 s
Oceanicaulis_alexandri/1-596 i

Astice: is_biprosthecum_C19/1-826 475 EGREREAREREARELAEREKA- - - - AVQPASQ- - - - - PSDEEAE- - kil M- - -RLYSPYGGGALGRPLAAPRLTPTPTLAPT. - SVPV-QPAPAP- -EEFTNQSVIA 570
Avconenl o ACIS01203 0 - - REREAREREAREGAEREKA. - - - AAAAPVP - - - - PSDOEAE- - KIRKABAAAALM - - - RLYSPYGGGALORPLAAR Puvarar TNHSLIA 580
Asticcacaulis_sp._AC402/1-861 495EAREREAREREANDGAARDUATRD QAAATAQ:- - - - PSSEEAE- - KI AAAALM - ~RLYSPYGGGALGRPLGSPMARPAPAPTPA APAPVSTPAP. - EEF INHSVIA 504
Asiconsecle 83 ErADD AEAPEP. ... TAADEAE. KARKAEAARALM. - -RLYSFYGGGNLGRPLTPNLFPAKPASQPETVTS TPVBAPAREPVEPAPEF TOHSY IS 588
ntccncauie s ACSS/563 wra conEneLAzaannesoranaavaarverrvear. .- TRCHEAR. ol Vo voooTionriansr ararTana. - .. ARMEVAORE: - aTr THHSVIS o2

Asticcacaulis_excentricus_C8_48/1-810 483 ER- - ------ ... - AAEAQKNAD QTPKPAVDPD:- - - - - AE- - Al FAAAALM - - - -RLYSPYA- - TMAGPLAKPKATPA- TPAPA PVQAPPONPPP - <. - AVAA 558
Asticcacaulia_sp._ YBE 204/1-851 518 DRL TAET TATPAP SEN JAARALM - - - - RLYSPYA- - SM-GPLVKPK: -« -« -PQe- - PPVAPPQ- - oo onnnenn s 500
Caulabaster amsventus_CB1/1431 200 - - - . VP EEDAP. | TATEQSAARVAA. - RL- - - oo ool EAILPETPEAR. ... ..ol =
Prenylohactatun.sucineuns 1445 . - PRIESCTEORAVRAMCAVIA Rl S K 4
e oS oL T A , AMVBRLHF LopARERV:. .o 1
Maricaulis_m: 70 - - - -EPVDBAVAPAIAENSQA, AVPEHVALBLVAGMGLOVALTSVMDGSFGVDPAE\APEQ YVAVDD.SOEAEVDETAEPDE\DW
Cueanicnihs.stxandsi/ 558 s . L KPADAEPAPQVARNAASEBLE - S SAPSVLSPLONALQVST 1KV PIAPASLPOAASEDVTTSERAA 427
Asiccasauie.bipmsthecus_C1/1925 571 PQSASSSPIELSSRPAPVAAPQAPAPEE - . ADDEREMMOFTR. - . FKPVVSRBAMBARVI - TALNPYAKBVAKA - - - EPARVEFVKPELVKAQPEVY 058
atcoscauio o _ACA01.803 557 PQOASSAP I ELSSRRER - - - - - APEPEE- - UEEESEIQOFAP- -« - FKPVVSPSAMPARYI - TALNPYARP I TKP - - - EPVGAEP - - - - VKATPEVY 634
tccacauie_ap _ACH021-581 205 PQSSQSTRIEI SSRPES IAT. - KPEPEV- IEDEPAIGGF TP .. FKPVVSPSAMPAPYI. TALNPYAKP1G- - .- - ARVEP . - .QPAAVADVY 872
tccscaulie_beneveattue 55 560 PSQVESAPFEVASRAEDL - - TPET. DURPA- -~ - . FAPVPSAATMPPPVI- TALNPYAKRV- ... .. ... .. ATPDTASVTVV o8l
Astconcauio s ACSS863 014 PSPVESRPFELSSRAEALG KA. AQARED DOAPGVS - -~ YTP-GNEETMARPVI - TALNPYAKRVE - <. ... ... . AARSVATPOVV oB3
ntconcauis_excentious_C8_48/1:810 550 PASARAR - FD I SSRRDP VEDAPLVMRLHSKIEFGVRP - - NPSL I APRIV. VA- - - SPVS. - ... VQTOARAASASVPGSA 03
Atccscaulio . VBEZ0ULST 567 PUTPPAPAFEI RLHHK I ESGVRP . - NPSLUAPP e 7o
Coulabaster smssentus CB151431 238 - - - ASMAKPAMRGDDLGLPEFPAPTA - e PAAMEPAPVL FEAEPQPARV. - . EPFPAAPVEFTPFRLTPOAS 300
Phenyichectuiun,cineum/1-445 2 - - - oo APEPPAE- - Ll PEANERHEVR  POADF APRIITTLADGADEAETTARPTVTTYROEPAAR 202
e omor MNANLOM T e v e - EaP 357
Narcaulis,nans/1538 e WL AR S Y . il M %0
[ ———— 25 6LSOREDAISVOVP SDVEDA- i
Atconsauie_birostvecun_C13/1825 050 EVI- BRERAVDLSBAPAAEAF TRP - EPAQR. - AHWREQLQRPLPAGYAAHETAQ: - - BET- -« oooooe oo QTSEENANRA- - .- 20
tconceu o 35 EV. FRPRAVDLSAMPAPEAF - KP - . - EPARPAGSAHWREGLGRPLPDGYROPEVVA - i llaBsLUsANPA. ... .. e
s Ev. .nmvm]nwM;.mespwsmpmm‘amas.mmmugamsmq, ClllohshsE K e

52 EV-RRPAPVNLSAR SNA- - - P IAAEVGGLHWRDGLQRPLPGDYOAPASQVA Il leaprLragrgsnrat. . - 16

G4 EV. PRPAPVNMSAR SNA. - - - PHAAELAGLNWREQUQRPLPQDYETPAKAAHPF YPEP - - - EQPFLRAAPSSSAPVOTY 754

o0 SLAPQPOLVPEPARETP . . - KETPKETPLHWREQLQHPASGVATAAAAVA - - - - BDALSFNSHAT - PQTVHAEEV. .- .- .. 707

actccacauie . VBE20U1S51 670 PUAPKVEM- PAPQN - - ... S assseRrviwRzaLanrvEe AGA. L DBSLSLGHHHTANGSAALATAPVAPPAALPADEF - - .. 748
CPSERTLFGA- .. BAT:. Sl -GSSVFNLDOFSTS. ... 341

Caulobacter_crescentus_C815/1-431 301 EQAEAPVEAR - - AP TRP- . -
x

y o EerecerrieipeeiEoaLEAPA. i DASLVLDARFEGRRIVI - 353

) a5 S i . L STAPAAEIEPLVLNGADDF PDAAVTRAPWTAED . - “RAEPADTADGOLF 318
Noscoaie_marat538 ol m Ay e el dia il e Ll VgoueoervacenTovy 520
Coeanicaute.sexandsi/ 1298 7. BHPALAPASA. : & PoL. “sevice. - .

Ashcsacauls_biprmsthecus_C19/1925 P iBEoR - - TALEABE THEEC VO Lo KNI L « Fa0PFAVRNGHAGOF K- -

SGAWTMDGDR - - -
NNAWTLDGDR - - -
DOAWMMNGDR - - -
SQ AWMMNG DR - -
DDEWLAEDGR - - -
EDDWVGD DG,

IALSAEOMHEE TATF GKMLM

i
'AVIA‘EAGANERSLWUM\A

K-YQDPSVARLGMTEDFR -

QATHDOAVIRNG I AENYT -
K- AINLEMTEPGNADVET -
QRMGNAEF F T

K- YQDPTVVRAGMAGDFR - -

QATHDOVVVRAGLVDTHT - - -

1duosnue Joyiny

1duosnue Joyiny

TLOWIF I
ATVGVMBVPL - VEPEPPR-FBN frs.e

VaroBoeavK. -

y DOMAVHEF 1 #AR- - VAPLRRRKEGG - S EArAoAVAsgBNPL
Brewndinonac_cibvbroides 1814 417 GEDLSLTIGOAPVMAHED - - L Hedehrasrow. - - -
Nancaulis_mrst RePKpoRRSDD . - - . WAarem. .
Cueanicauls,slesandsl/ 1295 ) il ne

Asticcacaulis_biprosthecus 1825

in_zucineun/1.445
Erenindinanas sabbreidest. 514

Maricaulie_mar
Oseanicauli_slexandri/ -596

Extended Data Figure 8.
Alignment of SpmX sequences from species/strains used in this study (as shown in Fig. 1d).

Sequences were aligned in Jalview (http://www.jalview.org/). Colored residues denote
conservation across species. Vertical dashed lines denote the boundaries of the N-terminal
muramidase domain (black) and the two transmembrane domains (red), respectively.
Chimeras were constructed using the end of the muramidase domains as the boundary
between N-terminal and C-terminal moieties (Fig. 3). Red arrows indicate the three major
species used in this study: A. biprosthecum, A. excentricus, and C. crescentus, respectively.
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From top to bottom, the order of the sequences reflects the tree topology as deduced from
Figure 1d. The colored vertical lines next to the names of the species/strains denote their
respective stalk positioning as shown in Fig. 1d (yellow, bi-lateral; purple, sub-polar; red,
polar). The numbers next to the names of the species/strains indicate the length of their
respective SpmX proteins.
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Extended Data Figure 9.
Expression of SpmXap(L)-EGFP or SpmXag(s)-EGFP in C. crescentus does not induce

ectopic stalk synthesis. (a-b) The localization of SpmXccp)-EGFP/SpmXcc(p)-mCherry
and the phenotypes of the strains are identical. (c-e) Asticcacaulis SpmX-EGFP variants
localize mostly to the pole in wild-type C. crescentus (left) and C. crescentus spmX™ (right)
strains. No ectopic stalks were observed, indicating that the alternative targets are lacking in
C. crescentus. It should also be noted that the expression of variants of SpmXag-EGFP can
cause cell filamentation. (f) SpmXcc-EGFP localizes to the pole in the A. biprosthecum

Nature. Author manuscript; available in PMC 2014 August 27.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jiang et al.

spmX strain and cannot rescue stalk synthesis. All data are representative of three
biological repetitions analyzing at least 100 cells each. Scale bars, 1um.
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